Aryl hydrocarbon receptor nuclear translocator (ARNT), a transcription factor of the Per/AHR/ARNT/Sim family, regulates gene expression in response to environmental stimuli including xenobiotics and hypoxia. To examine its role in the epidermis, the Cre-loxP system was used to disrupt the Arnt gene in a keratinocyte-specific manner. Gene-targeted, newborn mice with almost normal appearance died neonatally of severe dehydration caused by water loss. Histology showed small changes in the architecture of cornified layers, with apparently preserved intercorneocyte lamellar structures responsible for the skin barrier function. In contrast, HPLC/ion-trap mass spectrometry revealed significant alterations in the compositions of ceramides, the major components of the lamellae. The murine epidermal ceramides normally contain 4-sphingenine and 4-hydroxysphinganine. In Arnt-null epidermis, 4-sphingenine was largely replaced by sphinganine and the amounts of ceramides with 4-hydroxysphinganine were greatly decreased, suggesting deficiency of dihydroceramide desaturases that catalyze the formation of both 4-sphingenyl and 4hydroxysphinganyl moieties. A desaturase isoenzyme, DES-1, prefers desaturation, but DES-2 catalyzes both reactions to a similar extent. Transcript levels of Des-2, but not Des-1, were considerably decreased in cultured keratinocytes from Arnt-null epidermis. These results indicate that proper ceramide compositions through 4-desaturation regulated by ARNT are crucial for maintaining the epidermal barrier function.
Introduction
Aryl hydrocarbon receptor nuclear translocator (ARNT) is a member of the basic helix-loop-helix-Per/ AHR/ARNT/Sim (bHLH-PAS) family of proteins and forms transcriptionally active heterodimers with a variety of other bHLH-PAS proteins, including aryl hydrocarbon receptor (AHR) and hypoxia-inducible factor 1α (HIF1α). Binding of ligands such as 2,3,7,8-tetra-chlorodibenzo-p-dioxin to the AHR induces formation of a transcriptionally active AHR/ARNT heterodimer that upregulates xenobiotic metabolizing enzymes (1) . In a similar manner, a reduction in the concentration of cellular oxygen stabilizes HIF1α, and then the HIF1α/ ARNT complexes activate genes involved in adaptation to hypoxia (2) . ARNT can also function as a homodimer to activate transcription of genes driven by the E box core sequences, although the physiological role of this activity is unknown (3) . The bHLH-PAS proteins can be classified as sensors and partners (1) . The sensors, such as AHR and HIF1α, act by detecting environmental contaminants through AHR ligand binding and atmospheric or cellular oxygen, respectively. The partner, ARNT, is required for the dimerization with the sensors to interact with the target sequence. Thus, it was proposed that PAS family proteins function as sensors for environmental adaptation (1) . In situ hybridization analysis shows that Arnt mRNA emerges as early as embryonic day 9.5 at a number of sites, including many ectodermal tissues, and is expressed in many tissues, including the skin, at postnatal day 1.5 (4, 5) .
Alteration of the 4-sphingenine scaffolds of ceramides in keratinocyte-specific Arnt-deficient mice affects skin barrier function
The skin provides a protective barrier between the body and the environment, blocking the penetration of microorganisms and harmful chemicals and preventing the loss of body fluid. The protective barrier is mainly confined to the epidermis, since isolated epidermis is impermeable and the residual dermis is completely permeable. Acute disruption of the protective barrier in the epidermis by acetone treatment or tape stripping resulted in a rapid increase in the synthesis of lipids, leading to barrier repair. The epidermis, therefore, is responsible for keeping unpredicted environmental stimuli from disrupting homeostasis.
To explore a possible role of PAS family proteins in the environmental adaptation in the epidermis, we applied a conditional gene-targeting strategy using the Cre-loxP system, resulting in the generation of keratinocyte-specific Arnt-deficient mice. Arnt-null mice obtained by conventional gene targeting are embryonic-lethal, largely because of defective vascularization of the placenta and/or yolk sac (6, 7) .
In this study, we were able to demonstrate that keratinocyte-specific ablation of the Arnt gene resulted in severe impairment of the barrier functions that is mainly mediated by the outermost layer of the skin, the stratum corneum (SC). SC is formed from granular-layer keratinocytes during terminal differentiation and consists of an array of dead and keratin-filled cells (cornified cells) embedded in a matrix of lamellar lipids, which are glued together with extremely tough materials known as the cornified envelope. The cornified envelope consists of two parts, a protein envelope made of specific cornified-cell structural proteins cross-linked by the action of transglutaminase 1 (8) , and a lipid envelope esterified to the exterior of the protein envelope. Defects in the genes encoding either structural proteins (9) or transglutaminase 1 (10) have been known to affect the formation of the protein envelope, leading to impaired barrier function (10) . The lamellar lipids also determine the quality of the barrier, since substances penetrate the SC by passive diffusion through the intercellular spaces. The lipids found in SC have an unusual composition, consisting of ceramides, cholesterol, and FFAs in approximately equal quantities (11) . Moreover, SC ceramides represent a unique and heterogeneous species of at least eight ceramides (12, 13) . In the Arnt-null mice, precise analysis with mass spectrometry revealed that 4-sphingenine was largely replaced by sphinganine and that the amounts of ceramides with 4-hydroxysphinganine were greatly decreased, although changes in the architecture of the SC, observed by electron microscopy (EM), were minimal. These results indicate that the bHLH-PAS family transcription factor ARNT unpredictably regulates ceramide biosynthesis through 4-desaturation and that maintenance of ceramide compositions is important for barrier function.
Methods
Generation of keratinocyte-specific Arnt gene-targeted mice and genotyping. Generation of heterozygous Arnt-floxed (Arnt flox(neo)/+ ) mice containing the Neo cassette was pre-viously described (14) . The mice were then crossed with EIIa-Cre mice (15) to generate either an Arnt-null allele (Arnt +/-) or Arnt-floxed allele (Arnt flox/+ ) without the Neo cassette. The Arnt +/mice were mated with K5-Cre transgenic mice (16) , and their offspring carrying both the K5-Cre transgene and the Arnt-null allele (K5-Cre + Arnt +/-) were mated with Arnt flox/flox mice to produce K5-Cre + Arnt flox/mice.
The genotyping was examined by PCR using the genomic DNA obtained from the clipped tail. Detection of the K5-Cre transgene was described previously (16) . Primers used for the Arnt gene were AF-5 (5′-CACCT-GAGCTAAATTACCAGGCC), AR-4 (5′-GCATGCTGGCA-CATGCCTGTCT), and AR-2 (5′-GTGAGGCAGATTTCTTC-CATGCTC). Using a mixture of these primers, PCR was performed with 35 cycles of a reaction consisting of 1 minute of denaturation at 93°C, 1 minute of annealing at 57°C, and 2 minutes of elongation at 72°C. PCR products were 190 bp, 307 bp, and 328 bp, specific for wild, floxed, and null alleles, respectively.
Preparation of epidermis. To separate epidermal keratinocytes from dermis, full-thickness skin taken from newborn mice was treated with 10 mM EDTA in PBS at 37°C for 1 hour.
RT-PCR. Total RNA was isolated from the keratinocytes and the liver of newborn mice using TRIzol reagent (Invitrogen Corp., Carlsbad, California, USA) according to the manufacturer's instructions. cDNA was synthesized with an oligo-dT primer. PCR was performed to amplify a portion of Arnt cDNA using the primers Arnt-U (5′-TAACCATCTTACGCATGGCC) and Arnt-L (5′-TAGTACCACACCTCATGCGG). GAPDH cDNA was amplified as control.
Skin-permeability assay. Unfixed, untreated pups were incubated with methanol at increasing concentrations of 25%, 50%, 75%, and 100% for 1 minute each to modify the skin so as to permit barrier-dependent penetration by histological dyes. They were then rinsed in PBS, followed by incubation in 0.1% toluidine blue (17) .
Measurement of trans-epidermal water loss. Trans-epidermal water loss from the skin of neonatal mice was examined under normal conditions using a TM210 Tewameter (COURAGE + KHAZAKA electronic Co., Cologne, Germany), as described previously (10) .
Histological analysis. For conventional light-microscopic observations, tissues processed into approximately 5µm paraffin sections were subjected to staining with H&E. For immunohistochemical staining, anti-keratin 1, anti-keratin 5, anti-keratin 6, anti-keratin 10, antifilaggrin, and anti-involucrin antibodies (all from Berkeley Antibody Co., Richmond, California, USA) were used. Frozen sections were stained with the first antibodies and then incubated with FITC-conjugated rabbit anti-mouse antibodies (DAKO Cytomation A/S, Glostrup, Denmark). Electron-microscopic analysis by the method of Hou et al. was performed (18) . Briefly, skin samples excised from the newborn mice were minced into 2-mm-square pieces and fixed at 4°C in 1.6% paraformaldehyde/2% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) (40%-strength Karnovsky's fixative). Samples were placed in 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 hour and then in 0.2% ruthenium tetroxide with 0.25% potassium ferrocyanide for 4 hours. After dehydration through a graded-concentration ethanol series, the tissue was equilibrated in propylene oxide and embedded in Spurr's resin. Ultrathin sections were double-stained with uranyl acetate and lead, and examined with a JEM-100S (JEOL Ltd., Akishima, Japan) electron microscope.
Lipid extraction from SC. The epidermal layer of newborn mice was peeled off from full-thickness skin dipped into PBS at 60°C for 10 seconds. SC was then isolated from the underlying nucleated layers of the epidermis by incubation with 0.5% trypsin in PBS (4°C overnight). Total lipids were isolated from epidermis or SC samples by the method of Bligh and Dyer (19), as previously described (20) or with hexane/2-propanol (3:2 vol/vol) followed by washing with 6.7% Na 2 SO 4 (21) . For mass spectrometry, the latter method was usually used.
TLC. The major epidermal and SC lipid species were separated by high-performance TLC (HPTLC; Merck KGaA, Darmstadt, Germany). Cholesterol, FFA, and triglyceride were developed first with benzene/hexane (50:50 vol/vol) to 4 cm, and then with benzene/ ethanol/acetic acid (70:30:1 vol/vol/vol) to 8 cm. Individual ceramide species were separated by HPTLC using the method of Uchida et al. (22) .
Mass spectrometry of ceramides. Epidermal ceramide molecular species were identified by electrospray ionization (ESI)-ion-trap mass spectrometry connected online with normal-phase HPLC (23). The HPLC system consisted of two Gilson model 302 liquid-delivery modules, a Gilson model 811 dynamic mixer (Gilson SAS, Villiers Le Bel, France), and a trap column (1 × 20 mm), and two Valco switching valves (Valco Instruments Co., Houston, Texas, USA) were used to remove components eluting earlier and later than the ceramides. Ceramide species were separated on a column (1 × 150 mm) packed with LiChrospher Si 100 silicas (Merck KGaA) pre-equilibrated with solvent A, hexane/2-propanol (100:0.5 vol/vol) containing 0.1% formic acid, which was developed with a linear gradient of solvent B, hexane/2-propanol/ ethanol (40:50:10 vol/vol/vol) containing 5 mM ammonium formate, from 0% to 50% in 40 minutes at a flow rate of 50 µl/min. To facilitate ionization of ceramides in the less polar solvents A and B by ESI, solvent C, 2-propanol/ethanol (1:1 vol/vol) containing 10 mM ammonium formate, was delivered with another Gilson pump (model 302 liquid delivery module; Gilson SAS) at a flow rate of 25 µl/min, and mixed via a tee with the effluent from the column. The mixture was monitored with a Thermo Finnigan LCQ mass spectrometer (Thermo Electron Corp., Yokohama, Japan) equipped with an ESI ion source in alternate positive-and negative-ion full scan, and datadependent positive-ion tandem mass spectrometry (MS/MS) modes in a single run. The LiChrospher Si 100 silicas (Merck KGaA) were slurry-packed into a column (1 × 150 mm, 1 × 20 mm, or 2.1 × 30 mm) in our laboratory.
Real-time PCR quantitation of desaturase mRNAs. mRNAs for Des-1, Des-2, and β-actin were quantified by PCR with fluorescently labeled oligonucleotide hybridization probes on a LightCycler instrument (Roche Diagnostics Gmbh, Mannheim, Germany). Primer pairs were 5′-TCTTGAAGGGACACGAAAC and 5′-CCGTCACAAAGT-CATAGAGC for desaturase 1, 5′-ATATGTTCCTGAAGGGC-CAC and 5′-TGCGCTTAACCCTGGAGTAG for desaturase 2, and 5′-CTGGCACCACACCTTCTACA and 5′-CCTCGTA-GATGGGCACAGTG for β-actin. Probes were 5′-CATGGT-GAGGAAGATCGCAAGTGAG-fluorescein and 5′-LC Red 640-ACTACGATGACCTCCCGCACTACAACT-phosphate for desaturase 1, 5′-AACACCACGACTTCCCCAGTATCCC-fluorescein and 5′-LC Red 640-GGTTACTACCTGCCACTGGT-GCGGA-phosphate for desaturase 2, and 5′-CCAACCGT-GAAAAGATGACCCAGATC-fluorescein and 5′-LC Red 640-TGTTTGAGACCTTCAACACCCCAGC-phosphate for β-actin. Real-time PCR was performed using the Light-Cycler FastStart DNA Master Hybridization Probes kit (Roche Diagnostics). The reaction mix contained 0.5 µM of each primer, 0.2 µM of fluorescein probe, and 0.4 µM of LC Red 640 probe. 0.31-1.3 ng of cDNA was used from each type of keratinocyte, and 0.08 ng, 0.16 ng, 0.31 ng, 0.63 ng, and 1.3 ng of cDNA aliquots from WT keratinocyte were used as standards. Amplification conditions were 95°C for 10 minutes for 1 cycle, followed by 45 cycles of 95°C denaturation for 10 seconds, 55°C annealing for 10 seconds, and 72°C polymerization for 10 seconds. The quantity of each transcript was obtained from the standard curve, and the amount of desaturase 1 and desaturase 2 transcripts was divided by the amount of β-actin transcript for normalization.
Assay for dihydroceramide desaturase activity. Dihydroceramide desaturase activity was assayed by mass spectrometry. Epidermis homogenates were left to stand for 5 minutes to remove tissue debris, and then the supernatant was centrifuged at 100,000 g for 1 hour. The pellets were used as an enzyme source. The reaction mixtures contained rac-N-lignoceroyl-dihydrosphingosine (Sigma-Aldrich, St. Louis, Missouri, USA), NADH, NP-40, cacodylate, and the enzyme sample in a final volume of 0.2 ml. The mixtures were incubated for 1-3 hours at 37°C. The reactions were stopped by addition of two volumes of chloroform/ methanol (1:2 vol/vol), after which N-palmitoyl-dihydrosphingosine was added as the internal standard, and the lipids were extracted by the method of Bligh and Dyer (19). The extracts were washed once with chloroform/ methanol/1% KCl (3:48:47 vol/vol/vol) in water to remove water-soluble contaminants. An aliquot of extracts was injected onto a Lichrospher Si 100 column (2.1 × 30 mm) pre-equilibrated with solvent A, and the column was developed with a linear gradient of solvent B from 0% to 50% in 20 minutes at a flow rate of 50 µl/min. The effluents were monitored with an LCQ mass spectrometer in the positive-ion mode. Ionization of ceramides was facilitated by the same method as described above. A product, N-lignoceroyl-sphingosine, was identified as a peak at m/z = 650 and quantified with the internal standard (m/z = 540) but was hardly detected in epidermal lipid fractions.
Results
Establishment of keratinocyte-specific Arnt-deficient mice. To investigate the biological function of ARNT in the epidermis, we inactivated the Arnt gene specifically in mouse keratinocytes using the Cre-loxP system. When mice containing an Arnt allele with exon 6 flanked by loxP sites (14) were mated with transgenic mice carrying the Cre gene under control of the keratin 5 (K5) promoter (16) , the Cre-mediated gene disruption by K5-Cre was efficient and specific in keratinocytes, as previously reported for mice bearing Pig-a and Stat3floxed alleles (16, 24) (Figure 1a ).
As previously described, deletion of exon 6 mediated by Cre recombinase results in the production of an aberrant Arnt mRNA that is unstable (14) and does not produce ARNT protein (S. Tomita et al., unpublished results). Loss of Arnt mRNA expression in keratinocytes from K5-Cre + Arnt flox/-(Arnt-null) mice was also ascertained by RT-PCR analysis (Figure 1b ). When K5-Cre + Arnt +/and Arnt flox/flox mice were interbred, all genotypes appeared in the offspring according to the mendelian distribution ( Table 1) , demonstrating that the keratinocyte-specific Arnt-deficient mice did not die in utero.
Arnt-null mice show severe impairment of the epidermal barrier. At birth, Arnt-null mice appeared normal and were macroscopically indistinguishable from other littermates (Figure 2a ). However, they gradually became dispirited and emaciated and died within 24 hours after birth without exception. Just after birth, all of the offspring were separated from their mothers, kept at 25°C, and weighed hourly with an electronic scale. Arnt-null mice showed rapid and steady loss of body weight, whereas the other mice maintained their weight ( Figure 2b ). This correlation between disruption of Arnt and weight loss was consistent.
When the epidermal barrier was examined by skin-permeability assay using 0.1% toluidine blue, impairment of the epidermal barrier in Arnt-null mice was apparent all over the body surface, particularly in the ventral neck and perineal regions ( Figure 2c ). This pattern was similar when Arnt-null embryos were analyzed at 17 days postcoitus (data not shown), suggesting that the unique pattern of staining observed in Arnt-null neonates is not due to postnatal environmental influence. Trans-epidermal water loss also increased in Arnt-null mice ( Table 2) , especially in the ventral neck region, where staining with 0.1% toluidine blue was most evident. We surmised that the accelerated water loss through the epidermis results in the rapid body-weight loss followed by death within 24 hours in Arnt-null mice. When salve was applied to Arntnull mice to prevent dehydration, their weight loss was retarded and they survived longer than 24 hours (data not shown), confirming that the dehydration was the major cause of weight loss and neonatal lethality.
Histological analysis of the epidermis of Arnt-null mice. Although the skin of Arnt-null mice was macroscopically indistinguishable from that of normal mice, hyperdehydration prompted us to subject the skin of Arnt-null mice to histological examination ( Figure   3a ). The SC from Arnt-null mice was tightly packed. Keratohyalin granules in the granular layer appeared to be sparse in Arnt-null mice, being more evident in the ventral neck region.
A panel of antibodies against proteins expressed at defined stages of epidermal differentiation were used to examine whether Arnt deficiency affects keratinocyte maturation. Expression of keratin 5, a basal cell-specific marker, and expression of keratin 10, a marker for terminal differentiation of epidermis, were similar in WT and Arnt-null epidermis (data not shown). In addition, involucrin and filaggrin, which are early-and late-differentiation markers of keratinocytes, respectively, were observed in the upper stratum spinosum and SC in both groups of mice (data not shown). The expression of keratin 6 was strongly induced in basal cells of Arnt-null mice, especially in the ventral neck region (Figure 3b ). Keratin 6 is generally expressed in a restricted subset of cells within hair follicles. In Arnt-null mice, we often detected morphologically distinct epidermal cells with condensed nuclei and eosinophilic cytoplasms (Figure 3a) . These cells were identified as apoptotic keratinocytes, which have been well characterized previously as a result of UV irradiation (25) . There were significantly more apoptotic cells in the epidermis of Arnt-null mice (22.5 ± 6.7 cells/cm) than in those of WT mice (6.3 ± 2.1 cells/cm). This was confirmed by immunostaining with an antibody against single-stranded DNA (data not shown).
The SC, composed of the individual cornified cells and intercellular lipids, has been shown to play a crucial role in the formation of epidermal barrier. To examine the structure of the SC in detail, EM was used (Figure 4 , a-f). It confirmed that the SC from Arnt-null mice was tightly packed (Figure 4b ), as shown in Figure 3a . In the granular-layer keratinocytes, lamellar bodies were seen in the cytoplasm and excreted normally into the SC (Figure 4 , c and d). The architecture characteristic of SC lamellae, including a broad-narrow-broad lucent band sequence, was generally preserved in Arnt-null SC, but closer analysis of scanned images of negative micrographs revealed that the spacing between the two broad lucent bands was slightly narrower in Arnt-null mice (Figure 4 , e-g).
Biochemical examination of the SC. One-dimensional SDS-PAGE of SC proteins showed that the compositions and amounts of proteins in the Arnt-null and control epidermis were virtually identical (data not shown).
We next analyzed the intercorneocyte lipids, which consist mainly of ceramides, cholesterol, and fatty acids and mediate the skin barrier function. In particular, skin-specific ceramides play a crucial role in barrier formation. The contents of cholesterol and fatty acids of Arnt-null mice did not differ from those of the WT mice, using HPTLC analysis. In addition, HPLC analysis of fatty acids derivatized with 9-anthryldiazomethane showed that fatty acid compositions (mol % of the total free fatty acids) were virtually identical for Arnt-null mice and WT littermates in the chain-length range of 14-30: C14:0 + C18:2, 4.3 and 2.2; C16:0, 11.7 and 15.5; C18:0, 13.6 and 18.7; C18:1, 3.7 and 1.34; C20:0, 1.0 and 1.1; C22:0, 3.8 and 3.8; C24:0, 16.3 and 15.3; C25:0, 2.8 and 2.5; C26:0, 17.2 and 14.8; C28:0, 1.7 and 1.1; and C30:0, 0.6 and 0.2, respectively. We next compared SC ceramide compositions in the WT and Arnt-null mice using HPTLC and microbore normal-phase HPLC/ion-trap mass spectrometry, and hereafter we will use the epidermal ceramide (Cer) nomenclature proposed by Motta et al. (26) (Figure 5a ). HPTLC showed that the amounts of the least polar ceramide, Cer(EOS), which contains the ω-hydroxy acyl group (O) esterifying with fatty acid (E), mainly linoleate, and sphingosine (4-sphingenine; S), were 44% lower in Arnt-null mice than in WT mice (1.50 µg/mg tissue), and that the amounts of Cer(NP), which contains the non-hydroxy acyl group (N) and phytosphingosine (4-hydroxysphinganine; P) were 93% lower in Arnt-null than in WT mice (0.16 µg/mg tissue) ( Figure  5b) . In contrast, no difference in the amounts of Cer(NS), which contains N and S, was observed (3.3 and 3.9 µg/mg tissue for WT and Arnt-null mice, respectively) ( Figure  5b ). Cer(OS) ω-hydroxyceramides also esterify with outer surface proteins of the cornified-cell envelope, presumably forming part of the skin barrier. Cer(OS) prepared with exhaustive extraction of free SC lipids followed by mild alkaline hydrolysis was resolved on HPTLC as major two bands, and bound Cer(OS) contents estimated from the intensity of these bands in the Arnt-null SC (11.9 ± 2.9 µg/mg tissue lyophilized) were 55% of those of the WT (21.4 ± 5.0 µg/mg tissue lyophilized). Of special note, reductions in the free Cer(EOS) and bound Cer(OS) contents in the Arnt-null SC were identical.
In contrast to HPTLC, HPLC/ESI-ion-trap mass spectrometry provides information about ceramide structures at the molecular-species levels, which were con- firmed by the m/z values of ceramide molecular ions and on-line MS/MS (Figures 6-8) . Alternate polarity switching on ESI allowed us to obtain simultaneously the positive-and negative-ion mass spectra of ceramides at each peak resolved on a single normal-phase chromatographic run ( Figure 6 ), thus helping us to identify the structures (23) . In the positive-ion mode, the major WT SC ceramides eluted as complex total ion current ( In both WT and Arnt-null mice, the mass spectra of SC Cer(EOS) were similar: its molecular species mainly consisted of a homologous series of saturated and mono-unsaturated long-chain ω-hydroxy acyl groups (C30-C36), linoleate, and 4-sphingenine. Chromatograms of representative [M + H] + ions of m/z 1,066 plus their dehydrated ions (m/z 1,048), which are characteristic of ceramides with 4-sphingenyl moiety, showed single peaks in the range where a variety of ceramide species elute. The relative peak area normalized to Cer(NS) was used for a rough comparison of the contents of each ceramide species (Figure 7b ), because the contents of Cer(NS) were similar between the two animal groups (Figure 5b) . The normalized peak area of Cer(EOS) in the Arnt-null mice was significantly small-er than that in the WT. Notably, [M + H] + ions of Cer(NP), identified as a 696-m/z peak of the major species with C26:0 in the WT, was hardly detectable in Arnt-null mice (Figure 7a ). These results were consistent with those of HPTLC. Furthermore, the epidermis-specific Arnt deficiency caused significant ceramide structural alterations in Cer(NS): the m/z value of the most intense ions of Cer(NS) was 2 mass units larger in Arntnull mice than that in the WT mice (Figure 8) , and the abundance of dehydrated ions that is characteristic of ceramides that contain 4-sphingenine decreased greatly. MS/MS analysis of ions of both m/z 678 and m/z 680 clearly showed that the sphingoid base fragments (m/z 266, 284, and 302), arising from cleavage at the 2-amide linkage of ions of m/z 680, were 2 mass units larger than the fragments of 678-m/z ions. This demonstrates that the sphingosine base had been replaced by sphinganine in Arnt-null mice (Figure 8) . The same results were obtained for Cer(AS), but unlike Cer(NS) contents, Cer(AS) contents were lower in Arnt-null than in WT mice. These results suggest that ARNT regulates dihy- in 24 hours after birth, probably from severe dehydration resulting from skin barrier dysfunction. This is indeed demonstrated by an increased rate of trans-epidermal water loss and an increased permeability of toluidine blue across the skin all over the body surface, but with regionally varying severity that was greatest in the ventral neck and perineal regions. The phenotype could be rescued to some degree by application of salve to the skin. This suggests that the important functions of ARNT in barrier formation vary from region to region in skin. Hardman et al. reported that the skin barrier in normal mice is formed in a patterned manner, spreading over embryos from specific start sites around E16 to the final ventral neck region on E17 late in gestation (17) . Toluidine blue staining patterns in control mice on E16 were very similar to those in Arnt-null mice during birth, indicating that ARNT participates temporarily in the development of the skin barrier.
To characterize SC ceramides at the molecular-species levels, we used a normal-phase HPLC/ESI-ion-trap mass spectrometry system. This can separate complex mixtures of SC ceramides, acquire data-dependent MS/MS spectra droceramide desaturase activity in epidermis, because the desaturases can catalyze the formation of both 4-sphingenyl and 4-hydroxysphinganyl moieties (29) .
Two known desaturase isoenzymes exist: DES-1 and DES-2. DES-1 prefers 4-desaturation, and DES-2 prefers 4-hydroxylation (29) . The transcript levels of both isoenzymes were examined by quantitative PCR. We found considerable reduction of Des-2 but not Des-1 mRNA in Arnt-null keratinocytes (Figure 9 ). However, desaturase activity in mouse epidermis was too low (less than one-thirtieth of that reported in rat epidermis) to obtain reproducible results.
Discussion
For this study, we generated keratinocyte-specific Arntdeficient mice with the Cre-loxP system. Although conventional Arnt-deficient mice are lethal at embryonic day 10.5 (E10.5) because of impaired angiogenesis and placental dysfunction (6, 7), keratinocyte-specific Arntdeficient mice are born within the expected mendelian frequency, thus making it possible to study the functions of ARNT in skin. However, these mice died with- , d, and f) . SC from Arnt-null mice is tightly packed, and abnormal vesicles are present (compare a and b) . In the granularlayer keratinocytes, lamellar bodies with disk-like contents were observed and excreted normally into the intercellular space of the SC (c and d) . Arrowheads indicate lamellar bodies. The intercellular lamellar structure appeared normal (e and f). Arrows indicate the intercellular lamellar structure. Bars: 1 µm (a and b), 0.2 µm (c and  d) , and 0.1 µm (e and f). (g) A closer comparison of SC lamellae in WT and Arnt-null mice. Their images were obtained by scanning of negatives taken at a primary magnification of ×40,000 at 12-bit grayscale resolution and were analyzed with NIH ImageJ software (48) . over the entire chromatogram range, and acquire positive-and negative-ion spectra by alternate polarity switching, thereby facilitating identification of the structures of SC ceramides (23) . The positive-ion full-scan spectra of the major murine SC ceramides obtained in this study were very similar to those obtained previously by matrixassisted laser desorption ionization mass spectrometry of samples separated by HPTLC and then extracted (30) , except that sodiated molecular ions (larger by 22 mass units than the corresponding protonated ions) were predominant in the latter. In that study, the ceramide structures were not confirmed by mass spectrometry, but their presence was assumed on the basis of the molecular mass of the sphingoid base and a comparison of HPTLC behaviors of ceramides. In contrast, we could unequivocally identify ceramide structures by means of on-line MS/MS in either positive-or negative-ion mode.
The combined use of HPTLC and mass spectrometry analyses demonstrated that keratinocyte-specific Arnt disruption resulted in significant changes in the amount and composition of ceramides, one of the major SC lipids, but not the others, such as cholesterol and fatty acids. The most prominent changes in the ceramide compositions of the Arnt-null epidermis were observed in Cer(NS) and Cer(AS). The 4-sphingenine that these ceramides normally contain was largely replaced by sphinganine. The proportion of dihydroceramide species lacking a double bond at position 4 is increased. Ceramides are first synthesized as N-acyl-sphinganine, or dihydroceramide, via the sphingoid base synthetic pathway starting from serine and palmitoyl-or stearoyl-CoA. Desaturation at position 4 of the sphinganyl moiety then yields Cer(NS) (31) . The increase in the proportion of the dihydro species of Cer(NS) in the Arnt-null epidermis therefore suggests that ∆4-desaturase activity is downregulated in the Arnt-null epidermis.
A recent bioinformatics study detected the presence of two sphingolipid ∆4-desaturase, or dihydroceramide desaturase, cDNAs, Des-1 and Des-2, in murine expressed sequence tags (ESTs) (29) . In cultured keratinocytes from Arnt-null epidermis, Des-2 but not Des-1 transcript levels were indeed decreased significantly. Since there are consensus AHR/ARNT (TNGCGTG) and HIF1α/ARNT (TACGTG) responsive elements at -2,492 and -2,359, respectively, of the Des-2 gene, we believe that ARNT directly regulates production of the Des-2 transcript. 4-Desaturation and 4-hydroxylation are known to be mechanistically similar (32) , and it was demonstrated in a yeast expression system that DES-1 and DES-2 exhibited both activities; human DES-1 greatly preferred 4-desaturation (a desaturation/hydroxylation ratio of 60:70), and mouse DES-2 was bifunctional (a ratio of 2.5) (29) . In light of its substrate specificity, DES-2 deficiency can account for the considerable decrease in Cer(NP) levels as well as the increased dihydro-Cer(NS) proportions in the Arnt-null epidermis. The differential contributions of DES-1 and DES-2 to ceramide desaturation, however, remain to be clarified.
We next used mass spectrometry to determine ∆4-desaturase activities in murine epidermis in order to
Figure 6
HPLC/ion-trap mass spectroscopy of SC ceramides. Positive-and negative-ion spectra of WT SC ceramides, acquired by an alternate polarity switching method. *Major peak for Cer(NS) containing C24:0 (m/z 650); # major peak for Cer(NS) containing C26:0 (m/z 678).
clearly identify reaction products. We modified the conditions used in a radiometric assay for desaturase activity in fetal rat skin (33) to look for optimal assay conditions including: substrate specificity for the chain length of dihydroceramides, C16:0 or a more natural C24:0; pH dependence of activity in the range of 5.5-8.5; the effects of detergents, αand β-NADH, and FAD on activity; and isolation and preparation methods of enzyme sources. FAD is a coenzyme in the microsomal electron transport system containing the desaturases. However, we could only detect very low levels of dihydroceramide desaturase activity (near background noise level) in murine epidermis. This precluded direct comparison of activities in Arnt-null and WT mouse epidermis. The reason for the low level of activity is unclear, but species differences are a possible explanation.
The importance of bulk ceramides in the epidermal barrier function has been established, but the roles of specific ceramide species have not yet been clarified. It is generally accepted that ceramides containing ω-hydroxy fatty acid -that is, Cer(OS) bound to the protein envelope and Cer(EOS) in lipid lamellae -are essential for maintaining the SC lamellar structures (34) , and thus the barrier function (35) . The reduction in levels of both of these ω-hydroxyceramides in Arnt-null mice was consistent with an impaired barrier function. The most characteristic change in the contents of the SC ceramide species in Arnt-null mice was a marked decrease in Cer(NP). There is no close relationship between Cer(NP) contents and the quality of the barrier function, but the addition of Cer(NP) to SDS-disordered lipid lamellae reportedly restored the periodicity of lamellar structures (36) . The relationship between increased dihydroceramide levels and barrier dysfunction is also unclear. In contrast to what was observed in ceramides, the lack of the trans-double bond at position 4 in dihydroceramides causes a conformational distortion that might reduce hydrogen-bonding interaction with water molecules around their head groups (37) . This could result in a reduction in the tightness of the packing of lipids in SC lamellar structures and affects skin permeability.
Despite the major changes in the amount and composition of SC ceramides and the severity of functional damage to the skin barrier, the fine architecture of intercellular lipid lamellae and of their precursor lamellar bodies in the granular layer was surprisingly preserved in Arnt-null mice as observed by EM, although the spacing of SC lamellae was somewhat closer. On disruption of the Pig-a gene that encodes an enzyme involved in the first step of the GPI-anchor biosynthesis (16) and the β-glucocerebrosidase gene (38) , SC lamellae and lamellar body structures were severely damaged, but the extent of water loss from the skin surface was not as significant as in the Arnt-null mice. This suggests that not only lamellar structures but also tight packing of SC lipids at the molecular levels are needed to prevent trans-epidermal water loss. To further clarify the structure-function relationship of the epidermal barrier, more intensive studies on lamellar structures at the molecular or atomic levels, using physicochemical methods, will be required (39) . In this context, the epidermal barrier function was found to be impaired in the skin of atopic dermatitis and psoriasis. HPTLC To generate a reconstituted chromatogram for each ceramide species, ceramide-related signals with intensities of greater than 5% of that of the most intense peak were used. Cer(AS) was divided into Cer(AS) s , with shorter-chain acyl moieties (mainly C16:0 and C18:0), and Cer(AS) l , with longer-chain acyl moieties (mainly C24:0-C26:0). activated state of the keratinocytes. It might reflect a break in the skin barrier function, since keratin 6 is induced in the epidermis as early as 12 hours after barrier disruption (43) .
It is known that ARNT heterodimerizes with other bHLH-PAS proteins such as AHR and HIF1α to form a transcriptionally active DNA-binding complex (2, 44) . The AHR/ARNT heterodimer, with exogenous ligands such as dioxin, binds an atypical E-box DNA sequence, TNGCGTG, and activates a number of target genes. However, conventional Ahr -/mice did not show any overt phenotype in skin (45) , indicating that the AHR/ARNT heterodimer cannot be responsible for the phenotype observed in this study. The HIF1α/ARNT heterodimer senses oxygen concentration and activates a number of hypoxia/hypoglycemia-regulated genes. To explore the functions of this heterodimer, the conditional allele for Hif1α has been made. Keratinocyte-specific (K5-Cre) disruption of Hif1α led to no overt phenotype (S. Tomita et al., unpublished observations), suggesting that the HIF1α/ARNT heterodimer is not responsible for the phenotype observed in this study. Although SIM1 and SIM2 are other candidates that can form heterodimers with ARNT (46) and can possibly activate the desaturase gene in the epidermis (47), they analysis indicated that Cer(EOS) and Cer(NP) levels were significantly diminished in these skin diseases (40) . It would be of interest to compare the detailed structures of lamellae of these patients and of Arnt-null mice.
Arnt-null epidermis showed generally preserved morphology, but remarkable pathology, including an increase in the number of apoptotic cells. There are at least three sphingolipid-dependent mechanisms that elicit apoptosis in cultured human keratinocytes: accumulation of excess ceramide, accumulation of excess sphinganine, and depletion of ceramide or complex sphingolipids (41) . However, it is difficult to determine whether apoptosis observed in the Arnt-deficient epidermis was due to altered compositions of ceramide. Although apoptotic keratinocytes were detected in the epidermis of Arnt-null mice, we did not detect any epidermal hypoplasia. Other signaling pathways may compensate for the deficiency of Arnt, as observed in Bcl-xL-deficient mice that show accelerated keratinocyte apoptosis but normal architecture in the epidermis (42) . Keratin 6 was strongly induced in the epidermis of Arnt-null mice. Expression of keratin 6 in the interfollicular epidermis, found in Arnt-null mice after birth, was indicative of either a hyperproliferative or an 
Figure 9
Reduction of Des-2 expression in Arnt-null keratinocytes. Keratinocytes of newborn mice were cultured in the presence or absence of calcium, and the expression levels of Des-1 and Des-2 transcript were quantified by real-time PCR using β-actin transcript as a standard for normalization. The experiment was performed twice using keratinocytes isolated from different mice. KO, Arntnull mice; Exp, experiment.
are not expressed in the epidermis. On the basis of these findings, we propose that a novel bHLH-PAS protein, which can heterodimerize with ARNT, exists in the epidermis. This novel heterodimer, which may work as a sensor for environmental stimuli, would be involved in the activation of dihydroceramide desaturase. Alternatively, it is possible that the ARNT/ARNT homodimer performs the same function as the novel complex.
In conclusion, keratinocyte-specific deficiency of Arnt demonstrated that ARNT regulates essential roles for the ceramide biosynthetic pathway, such as the desaturase step, and that the altered composition of ceramides in the epidermis results in severe damage to the barrier function.
